INTRODUCTION
Osteoarthritis (OA) is a whole-joint disease mainly characterised by progressive cartilage disappearance, subchondral bone remodelling and synovitis, which all act in concert for OA progression. In this context, many studies have focused on cartilage/ subchondral bone crosstalk. Cartilage and subchondral bone are indeed now considered a unique functional unit. 1 2 Although synovitis was thought to mainly result from cartilage breakdown, several data suggest that it could be also involved in early stages of OA even before cartilage damage. 3 4 Moreover, we and others have shown that knee OA synovitis may also depend on the release of inflammatory factors by the infrapatellar fat pad (IFP), located at the posterior surface of synovium. 5 6 IFP is one intra-articular adipose tissue (IAAT), which has received much attention for several years. IFP from patients with knee OA releases many inflammatory factors in higher amounts compared with autologous subcutaneous adipose tissue (SCAT). [6] [7] [8] IFP volume 9 and release of tumour necrosis factor α by IFP 8 are both positively associated with the body mass index (BMI) of human patients with OA. Similarly, in mice fed a high-fat diet, weight gain and IFP volume were correlated with development of OA. 10 Positive associations were also found between adipocyte area and vascular infiltrates of IFP. 10 Consequently, IFP may have a paracrine function in other joint tissues in OA, especially the adjacent synovium. 5 6 In the best of our knowledge, only IFP has been studied in OA, although anatomically, other IAATs are indeed present in the joints. The suprapatellar fat pad (SPFP) is composed of the quadriceps fat pad and the pre-femoral fat pad, which are located above the patella and behind the suprapatellar bursa, respectively (see online supplementary figure S1). The posterior fat pad is in close contact with the posterior articular capsule behind the menisci. 11 Whether IFP has unique properties among IAATs is currently unknown. In addition, IAATs are not restricted to the knee. For instance, the coxofemoral joint contains one IAAT located in acetabular fossa and surrounding the ligamentum teres (acetabular fat pad (AFP)) (see online supplementary figure S1). Nothing is known about AFP in the context of arthritis. Whether IAATs from different joints share similar properties is unknown.
We investigated whether all IAATs acquire an inflammatory phenotype in OA like IFP, belonging to the same and unique type of adipose tissue (AT), which thus may act with the adjacent synovium as a unique functional unit. We used histological, molecular and functional characterisation of IFP, SPFP and SCAT from patients with autologous OA. In parallel, OA AFP and autologous SCAT were characterised. Fibrosis, vascular density, inflammatory infiltrates and adipocyte size were determined, as was the expression of inflammatory factors and molecules important for adipocyte function. The effect of different knee IAATs on fibroblast-like synoviocyte (FLS) inflammatory response was compared.
MATERIALS AND METHODS AT and synovium samples
Tissues were harvested from patients with end-stage symptomatic knee (n=38) or hip OA (n=5) undergoing surgery for total knee or hip replacement at Henri Mondor Hospital (Créteil, France). Sequential patients from whom informed consent was obtained were included. Surgeons harvested the IFP with the synovial membrane lining its posterior surface and the SPFP during knee replacement or AFP located in the bottom of acetabular fossa during hip replacement. The SCAT was harvested immediately below the scar. Tissues were stored in Dulbecco's modified Eagle's medium (DMEM) with 1% bovine serum albumin (BSA).
Omental and autologous SCATs were harvested from patients (n=15; female, n=14) operated at Visceral Surgery Department of Ambroise Paré Hospital (Boulogne-Billancourt, France) for gastric banding (n=2), gastric bypass (n=7) or sleeve gastrectomy (n=6). Mean age and mean BMI were 39.7±3.8 and 45.6±1.4 (36.4-53.7), respectively. All subjects are part of the BAR-ICAN study (study of obese subjects in bariatric surgery programmes) (ethical committee no. 2014-April-13533).
Generation of AT-conditioned medium
ATs were carefully dissected as described. 6 For the IAAT samples, special care was taken to separate AT from the synovium. The absence of remaining synovium was checked on several samples by histology. Nevertheless, we cannot exclude the marginal presence of remaining synovium in some cases. To generate the AT-conditioned medium, 300 mg AT, minced into small pieces, was incubated in 1 mL of DMEM, 12.5 mM glucose and 1% BSA for 1 hour at 37°C in a humidified atmosphere of 5% CO 2 /95% air. The medium was removed and tissues were incubated in 1 mL of the same medium for 3 hour. Thereafter, conditioned media and tissues were collected separately, spun and frozen at −80°C.
Isolation, culture and stimulation of FLS As described, 6 synovium was digested in 0.75 mg/mL collagenase/dispase and 0.075 mg/mL DNase (both from Roche Diagnostics) in FLS growth medium (RPMI 1640 Glutamax, 100 units/mL penicillin, 0.1 mg/mL streptomycin, 10 mM HEPES, 2 mM sodium pyruvate, 10% fetal calf serum) before seeding cells in culture plates. FLS were cultured at 37°C in a humidified atmosphere of 5% CO 2 /95% air.
FLS from passage 3 (n=6 patients) were seeded at 10 5 cells/ well in 6-well culture plates. Confluent FLS were left in depletion medium (growth medium without serum) for 24 hours before washing with phosphate-buffered saline (PBS) and stimulation with IFP-conditioned or SPFP-conditioned medium (150 mL) in depletion medium (850 mL). Control FLS were incubated in depletion medium (850 mL) with 150 mL of medium used to generate tissue conditioned media. After 24 hour stimulation, FLS were rinsed twice with PBS and incubated in depletion medium for 24 hours. Conditioned media were kept, spun and stored at −80°C.
Isolation of adipocytes
IFP and SCAT were digested in 1 mg/mL collagenase (Roche Diagnostics) in DMEM 4.5 g/L glucose, 100 units/mL penicillin, 0.1 mg/mL streptomycin, 15 mM HEPES, 0.2% BSA for 1 hour at 37°C. The adipose suspension was then filtered through a 100 μm mesh and centrifuged for 6 min at 150g. The upper phase containing adipocytes was separated and washed two times with PBS. After a final centrifugation (6 min at 150g), adipocytes were lysed for gene expression analysis.
Total RNA extraction and quantitative RT-PCR Total RNA was isolated by using the Reliaprep RNA Cell miniprep system (Promega). RNA (250-1000 ng) was reverse transcribed by using the Omniscript RT kit (Qiagen). Gene expression was analysed by quantitative RT-PCR with Roche Diagnostics LightCycler 480 in a 12 mL final volume with specific primers (10 mM) (see online supplementary table S1) and GoTaq PCR Master Mix (Promega). PCR amplification involved a denaturation step (5 min at 95°C) followed by 40 cycles of 10 s at 95°C, 15 s at 60°C and 10 s at 72°C.
For each PCR, cDNA was run in duplicate in parallel with serial dilutions of a cDNA mixture tested for each primer pair to generate a standard linear curve, which was used to estimate the amplification efficiency. The relative mRNA expression for all genes analysed was normalised to that of 18S RNA (used as the internal reference gene) and determined by using the efficiency method with Light Cycler 480 software.
ELISA
ELISA kits were used to determine the concentrations of interleukin (IL)-6, IL-8 (both from Sanquin-PeliKine), prostaglandin E 2 (PGE 2 ; Cayman Chemical), matrix metalloproteinase 1 (MMP-1; from R&D Systems) in AT and/or FLS-conditioned medium.
Histology and immunohistochemistry study
AT samples were fixed in 3.7% paraformaldehyde, embedded in paraffin and serially sectioned (5 mm). Sections were stained with picrosirius red (Sigma). Immunohistochemistry involved mouse monoclonal antibodies to CD45 (leucocytes, clone 2B11 +PD7/26, Dako) (dilution 1:100), tryptase (mast cells, AA1, Santa Cruz Biotechnology) (dilution 1:100), CD3 (T lymphocytes, clone F7.2.38, Dako) (dilution 1:50), CD20 (B lymphocytes, clone L26, Dako) (dilution 1:100) and CD68 (macrophages, clone PG-M1, Dako) (dilution 1:100) and von Willebrand factor (vWF) (endothelial cells, clone F8/86, Dako) (dilution 1:500) as primary antibodies. For all antibodies except vWF, the R.T.U Vectastain kit (Vector) was used for detection followed by counterstaining with Mayer's haematoxylin. Immunofluorescent detection of vWF involved horseradish peroxidase conjugated secondary rabbit anti-mouse IgG antibody (Abliance) and the TSA Plus Cyanine 3 System (Perkin Elmer). Irrelevant control antibodies (Dako) were incubated at the same concentration to assess non-specific staining.
Morphometric analysis
Sections stained with picrosirius red were used for fibrosis quantification and adipocyte area determination. Digital images of magnification views (×20) of tissue sections were captured by using an Olympus DP73 camera (Olympus) on an Olympus BX43 microscope. Fibrosis analysis involved histomorphometry with CaloPix software (Chatillon, France) with content colour thresholds. The quantification of total fibrosis was expressed as the ratio of fibrous tissue area stained with picrosirius red/total tissue surface. 12 For adipocyte mean area determination, two independent observers blindly measured the area of 40 adipocytes located in the centre of the tissue section and values were averaged. Vessel number and vascular density were quantified after vWF immunostaining. The number of vessels was measured in the whole section and normalised to the tissue area. 
Statistical analysis
Paired Wilcoxon non-parametric rank test (Statview software, V.4.57, SAS) was used for analysis. Data are presented as mean ±SD. p<0.05 was considered statistically significant.
RESULTS

Patient characteristics
We included patients with severe and symptomatic knee (n=38) and hip OA (n=5). Characteristics of each group are in online supplementary table S2. In the knee OA group, the mean age was 73.3±6.5 years and 29 (76.3%) were women. The mean BMI was 29.3±5.0 kg/m 2 . In the hip OA group, the mean age was 73.0±3.3 years and three (60.0%) were women. The mean BMI was 27.4±4.4 kg/m 2 .
Fibrosis and inflammatory infiltration of OA IAATs
At the time of dissection, all harvested IAATs, whatever their knee or hip origin, had more fibrous tissue than autologous SCAT. This observation was confirmed at histological level after quantification of picrosirius red staining (figure 1). In knee OA, fibrosis in IFP and SPFP accounted for 30.9%±18.6% and 26.9%±9.4% of tissue area, respectively, and was significantly more extended than in SCAT (18.9%±8.5% of tissue area, p=0.028 and 0.028, respectively). This difference was even more pronounced between AFP and corresponding SCAT (69.2%±9.5% and 21.3%±6.0% of tissue area, respectively) ( figure 1B,C) . Given the small number of patients, no statistical analysis was performed for hip tissue. In IAATs, fibrous tissue accumulated between adipocyte lobules as large fascicles. In some cases, adipocytes and fibres were intermingled ( figure 1A,  panels a, b) . In contrast, the fibrous part of SCAT surrounded adipocyte lobules and few fibres were detected among clusters of adipocytes ( figure 1A, panel c) . The vascular network also appeared different between IAATs and SCAT. Vessel number to tissue area was significantly increased 2.2-fold between both IFP and SPFP and SCAT (data not shown). The vascular area to tissue area was significantly greater in IFP and SPFP than SCAT ( p=0.003 and 0.006, respectively) (figure 1D), with no difference between IFP and SPFP. As observed in knee IAATs, a higher vessel number and vascular area to tissue area were quantified in AFP compared with autologous SCAT ( figure 1E ). The fibrous part of ATs contained more vessels, which were also larger than within adipocyte lobules. Tissue fibrosis and vascularisation were associated neither with the obese/non-obese status of the patients nor with gender, with the exception of a lower vascular area, in females only (see online supplementary table S3). In addition to fibrosis and vascularisation, CD45-positive and tryptase-positive cell infiltration was greater in knee and hip IAATs than autologous SCAT (figure 2). Leucocytes and mast cells preferentially accumulated in perivascular areas in fibrous parts of ATs than in adipocyte lobules. Inflammatory infiltrates consisted mainly of macrophages. Some T lymphocytes and B lymphocytes could also be observed in IAATs (see online supplementary figure S2).
Common inflammatory secretion pattern of IAATs
As we previously reported, 6 7 IFP from patients with OA produced significantly more IL-6, IL-8 and PGE 2 than autologous SCAT ( figure 3A-C) . Similarly, SPFP also secreted higher amounts of these inflammatory mediators compared with SCAT. The release was 6.2-fold, 6.7-fold and 189.1-fold higher by SPFP than SCAT for IL-6 ( p<0.0001), IL-8 ( p=0.002) and PGE 2 (p<0.0001), respectively. No significant difference was found between IFP and SPFP. AFP also secreted significantly more inflammatory factors than autologous SCAT ( figure 3D-E) . No relationship was found between obesity and any of the inflammatory factors. We only found a lower release of PGE 2 by SCAT in females only (see online supplementary table S3).
As a consequence of the inflammatory pattern of IAAT secretion products, both IFP-conditioned and SPFP-conditioned media induced an inflammatory and prodegradative response to autologous FLS (figure 4). The production of IL-6 and MMP-1 was indeed strongly stimulated by IFP (8.6-fold, p=0.028, and 3.7-fold, p=0.028, respectively) and SPFP-conditioned media (15.6-fold, p=0.046, and 3.8-fold, p=0.043, respectively) compared with unstimulated control cells.
Specific phenotype of IAAT-derived adipocytes
Morphometric analysis of adipocytes revealed a smaller size of adipocytes within IAATs than SCAT. IFP and SPFP adipocyte mean area was 0.6-fold ( p=0.002) and 0.7-fold smaller (p=0.007), respectively, than that from autologous SCAT (figure 5). IFP and SPFP did not differ in adipocyte mean area. As observed in knee IAATs, the mean surface of AFP-derived adipocytes was 0.7-fold smaller than that from autologous SCAT (figure 5). No relationship was found between obesity or gender with the adipocyte area of knee IAATs and SCAT (see online supplementary table S3). This result suggests that adipocytes present within IAATs and SCAT have distinct phenotypes. PPAR-γ, CD36, FABP4, LPL and ATGL are involved in adipogenesis, intracellular fatty acid transfer and trafficking, lipogenesis and lipolysis. They were also differentially expressed in IAATs and SCAT ( figure 6 ). The mRNA expression of CD36, FABP4, LPL and ATGL was significantly decreased in IFP, SPFP and AFP compared with the autologous SCAT. PPAR-γ mRNA expression was lower in SPFP and AFP than SCAT. In contrast, PPAR-γ mRNA expression was similar in IFP and SCAT. Interestingly, some differences were observed between IFP and SPFP. The mRNA levels of PPAR-γ ( p=0.002) and CD36 (p=0.007) were lower in SPFP than autologous IFP.
To exclude that differences in gene expression between IAATs and SCAT could be due to the accumulation of fibrosis within IAATs and thus to a lower proportion of adipocytes within the whole AT, we analysed the expression of ATGL, LPL and CD36 in isolated adipocytes from IFP and SCAT (figure 6I). As observed in whole AT, the mRNA expression of ATGL, LPL and CD36 was lower in IFP-derived than SCAT-derived adipocytes.
DISCUSSION
In recent years, IFP has received much attention for its possible involvement in OA. IFP volume or surface is modified in OA and could be associated with structural damage and pain. 16 IFPs from early-stage and end-stage OA display a different gene expression pattern. 17 OA IFP also shows an inflammatory phenotype characterised by a higher expression and secretion of inflammatory factors than autologous SCAT. 6 7 Consistently, IFP stimulates an inflammatory response to FLS, 5 6 which suggests that the functional interaction of IFP with synovium may be a mechanism of inducing OA synovitis. Of note, several IAATs are present within the knee and IAATs are not restricted to the knee. In this study, we wondered whether IFP is unique among IAATs or whether all IAATs share common properties. Interestingly, all IAATs feature a similar histological pattern: increased fibrosis, vascularisation and leucocyte infiltration compared with autologous SCAT. They express and secrete a higher level of inflammatory factors (IL-6, IL-8 and PGE 2 ). All these features were independent of gender or BMI of patients. Like IFP, SPFP induces an inflammatory response to FLS. All IAATs and isolated adipocytes express a lower level of genes associated with adipocyte function. The size of adipocytes is lower in IAATs than SCAT. These results suggest that all IAATs belong to Our results show that IAATs differ from SCAT. Although we cannot exclude that the proportion of fibrous and vascular tissue may explain some molecular differences we observed between IAATs and SCAT, the distinct gene expression pattern of isolated adipocytes from IFP and SCAT argues for a peculiar IAAT phenotype. Interestingly, IAATs seem to share similar properties with visceral AT (VAT), the other main type of white ATs. Indeed, the size of adipocytes from omental or perivascular AT is smaller than in SCAT depots, 18 19 as we found for IAATs. Similarly, the level of adipocyte-associated genes is reduced in adipocytes from perivascular and perirenal ATs. 18 SCAT and VATs differentially express developmental genes, including EN1 and HoxC9, whose expression is decreased in intra-abdominal VAT, whereas the expression of SFRP2 is increased (data not shown). 14 15 Our results also show lower levels of both EN1 and HoxC9 in IAATs than SCAT. Similarly, some developmental genes, including EN1, were differentially expressed by perivascular AT and SCAT, with no difference found between SCAT and perirenal AT. 18 This latter observation highlights intrinsic differences between VATs. 15 Nevertheless, Chau et al 13 recently showed that VATs from six different depots but not SCAT all express Wt-1. Interestingly, in our study, no expression of Wt-1 was observed in IAATs, whereas it was in omental VAT. This suggests that IAATs may be a specific AT different from SCAT and VAT while sharing several common properties with VATs. OA IAATs are characterised by a higher fibrotic index, inflammatory infiltrates and vascularisation than autologous SCAT. Increased leucocyte infiltration and mast cell number in OA IFP has been reported. 8 Leucocytes and mast cells preferentially localise within fibrotic areas. Similar observations were reported in omental VAT from obese patients. 12 Inflammation stimulates fibrosis in AT, and macrophages can express extracellular matrix components. 20 Of note, monoiodoacetate injection can induce OA and provoke IFP inflammation and fibrosis. 21 22 IFP area and vascularisation are increased in the murine high-fat diet-induced OA model. 10 In addition to inflammation, AT fibrosis can be induced by mechanical stimulus, 23 which is relevant for knee and hip OA. According to the link between fibrosis, inflammation and mechanical load, we suggest that the peculiar phenotype of IAATs we describe here could depend on intrinsic properties of IAATs. A recent study comparing the histological characteristics of IFP from cadavers without knee OA to autologous knee SCAT and heterologous abdominal SCAT 24 reported that IFP adipocytes were smaller than those from SCAT. However, their results on tissue fibrosis differ from ours. Indeed, interlobular septa of IFP were thinner than those from knee SCAT, whereas no quantitative difference of the intercellular space was observed. We have no explanation for this discrepancy between their study and ours. Nevertheless, we never observed SCAT as fibrous as they showed. The peculiar phenotype of IAATs may also be acquired during the course of OA. Indeed, Gandhi et al 17 showed differences in gene expression pattern between IFP from early and late patients with OA.
To conclude, knee and hip OA IAATs share a common phenotype, including a less adipogenic profile but higher fibrotic and inflammatory characteristics than autologous SCAT. IAATs could be considered a subgroup of AT, such as visceral, muscular or perivascular AT. The IAAT impact on joint homeostasis could be related to its inflammatory and metabolic profile and mediated by close interactions with synovium in a same functional unit. IAATs may be new players in OA disease progression.
